Plants regenerated from tissue culture and their progenies are expected to be identical clones, but often display heritable molecular and phenotypic variation. We characterized DNA methylation patterns in callus, primary regenerants, and regenerantderived progenies of maize using immunoprecipitation of methylated DNA (meDIP) to assess the genome-wide frequency, pattern, and heritability of DNA methylation changes.
INTRODUCTION
Clonal propagation of plants and animals is expected to produce individuals identical to the donor. However, this is often not the case. Plant tissue culture involves dedifferentiation, or return to a 'stem-cell like' state, which involves dynamic reprogramming at the chromatin level to induce the formation of callus. Subsequently, proliferating cells start to re-differentiate when specific changes in the balance of growth regulators are introduced in the culture medium, ultimately leading to organogenesis, or regeneration into whole plants (GRAFI et al. 2011; MIGUEL AND MARUM 2011) . This process represents a traumatic stress to plant cells and often provokes an array of genetic and epigenetic instabilities that are somatically and meiotically heritable (PHILLIPS et al. 1994; KAEPPLER et al. 2000) . This suite of molecular and phenotypic phenomena is collectively termed somaclonal variation (LARKIN AND SCOWCROFT 1981) . At the cellular and molecular level, somaclonal variation is comprised of chromosome rearrangements, polyploidy and aneuploidy, DNA sequence changes, activation of quiescent transposable elements, and epigenetic variation reflected by altered DNA methylation patterns (KARP AND MADDOCK 1984; BRETTELL et al. 1986; DENNIS et al. 1987; PESCHKE et al. 1987; ARMSTRONG AND PHILLIPS 1988; BROWN et al. 1991; KAEPPLER et al. 2000) . Our current study focuses on genome-wide changes in cytosine methylation.
Direct evidence for heritable epigenetic changes in tissue culture regenerants and their progenies has come from studies on cytosine methylation patterns. RFLP and AFLP technologies have been used to scan methylation patterns following tissue culture in numerous plant species (KAEPPLER AND PHILLIPS 1993; JALIGOT et al. 2002; BEDNAREK et al. 2007; SCHELLENBAUM et al. 2008; RODRIGUEZ LOPEZ et al. 2010) . Additionally, in Arabidopsis, methylation levels of chromosome four were profiled using McrBCdigested DNA on a tiling array, and it was reported that cell suspension culture has a different epigenomic profile compared to wild-type plants, such that certain transposable elements (TEs) become hypomethylated and certain genes become hypermethylated (TANURDZIC et al. 2008) . In contrast, changes in DNA methylation of tissue culture regenerated rice plants are frequently hypomethylation events that are heritable for several generations, and are sometimes correlated with changes in gene expression of nearby genes (STROUD et al. 2013 ).
Heritable epialleles have been characterized in progeny of regenerated plants. For instance, epialleles of the P locus, which controls cob color in maize, were associated with reversible hypermethylation of the second intron (RHEE et al. 2010) . Interestingly, a naturally occurring epiallele at P has also been reported (SEKHON et al. 2007) , indicating that similar epigenetic responses to stress that occur in tissue cultured cells may also occur in plants grown in the field.
To investigate the effect that tissue culture processes have on DNA methylation patterns in regenerated maize plants and their progenies, we generated genome-wide maps of DNA methylation patterns, of callus, regenerated plants, and progeny of regenerated plants using immunoprecipitation of methylated DNA (meDIP). We determined that methylation changes in tissue culture are frequent, and a portion of these DNA methylation changes is heritable through sexual generations.
MATERIALS AND METHODS

Tissue Culture and Regeneration
Immature zygotic embryos were harvested from donor plants of maize genotype A188 ears, 10-12 days after pollination (DAP). The culture process was as described by (FRAME et al. 2011 ) with minor modifications. Briefly, ears were surface-sterilized for 20 minutes in 50% (v/v) commercial bleach and sterilized deionized water plus 1 drop of Tween 20, and rinsed in sterilized deionized water three times, five minutes per rinse.
Immature embryos were harvested with a flame-sterilized spatula in a sterilized, ethanol washed fume hood, and plated embryo axis-side down onto Chu's N6 initiation/maintenance media (CHU et al. 1975 ) with modifications to initiate calli formation (SI). Cultures were grown at 28 ± 1°C in darkness for a total of 6 months from the date of embryo plating with regular subculture approximately every two weeks; embryogenic callus was selected at each subculture to maintain the cultures. After six months in culture, embryogenic calli were selected and subcultured on modified R1 media for two weeks at 28 ± 1°C in darkness, and were subsequently transferred to modified R2 media for two weeks at 28 ± 1°C under a 16h photoperiod for plant regeneration (SI). Individual plantlets transplanted into magenta boxes filled with R2 media for ~10 days until viable roots were established. Plants were then removed from the media, rinsed with tap water, and transplanted into degradable peat-pots in the greenhouse and grown under standard conditions.
Plant Materials and DNA isolation
Maize plants (A188 genotype) were grown at the Walnut Street Greenhouse at the University of Wisconsin-Madison (Madison, WI). The growing conditions were 27°C day and 24°C night temperatures with 15 h light and 9 h dark (6:00 am to 9:00 pm).
Maize plants were watered daily as needed. Callus used for DNA extraction was collected from each cell line prior to plating onto R 1 media after six months of culturing.
The uppermost flag leaf of R 0 plants and the 3 rd leaf of R 1 plants were harvested for DNA extraction to conduct meDIP-Chip profiling. All tissues were immediately flash-frozen in liquid N 2 . DNA was isolated using a modified CTAB method (SAGHAI-MAROOF et al. 1984) .
meDIP-Chip Epigenomic Profiling and qPCR Assays
Whole genome profiling of DNA methylation was performed to document changes in DNA methylation following tissue culture. DNA was isolated from three different sibling plants of genotype A188 that had not been subjected to tissue culture to serve as controls.
Four independent cultures were initiated from immature embryo tissue (10-12 DAP) and multiple primary regenerants were derived from these two cultures and grown in greenhouse conditions to isolate leaf tissue from the same stage as the control plants.
DNA methylation levels were profiled by immunoprecipitation of methylated DNA followed by hybridization to an oligonucleotide microarray as described previously (EICHTEN et al. 2011) . Methyl-sensitive qPCR assays were performed as described according to a previous study (LI et al. 2014) . Primers used for qPCR are listed in Table   S1 . et al. 2010) with the -G and -r option. The maximum intron length was set to 60,000 bp and the quartile normalization option was used. The default settings were used for all other parameters.
RNA isolation and
RESULTS
Discovery of tissue culture induced DMRs
DNA methylation profiles of maize embryo-derived callus, regenerated plants, and non-cultured control plants were evaluated to assess the frequency and nature of methylation variation induced by the stress of tissue culture. Four independent cell cultures, each originating from an independent immature embryo, were initiated from the maize inbred A188. The independent cultures were named cell line (CL) 3, 4, 5 and 8, and multiple R 0 plants were regenerated from each of these cell lines. The ear leaf was collected from six independent regenerated plants from CL-3, one plant from CL-4, six plants from CL-5, and two plants from CL-8. Primary regenerants (R 0 plants) were named with their CL number listed first, followed by dash marks, and then R 0 plant number (ex: R 0 plant 3-4 is the fourth progeny derived from CL-3). In addition, the corresponding ear leaf was collected from three different control A188 plants, which were sibling plants originating from the same seed source and were not subjected to tissue culture. Whole-genome profiling of DNA methylation was performed using immunoprecipitation of methylated DNA (meDIP) followed by hybridization to an oligonucleotide microarray (EICHTEN et al. 2011) . A comparison of the DNA methylation profiles for the three controls plants did not identify any DMRs between the sibling plants. However, a comparison of the DNA methylation profiles from plants that had been subjected to tissue culture to the average of the non-tissue culture controls identified a number of differentially methylated regions (DMRs).
DMRs were identified by comparing the average DNA methylation level for all regenerants from the same CL with the control samples or by comparing the average methylation level of all regenerants with the average methylation level of the controls as determined by meDIP (Table 1 and Table S3 ). The scan for DMRs was run separately for chromosome nine and genome-wide as chromosome nine had a higher probe density than the rest of the genome. In total, 479 DMRs were discovered in the genome-wide scan, and zero DMRs were detected between the three non-cultured control samples.
Many of the DMRs exhibit consistent changes in all samples subjected to tissue culture relative to controls ( Figure 1A-1B) . A greater proportion of DMRs had hypomethylation in the regenerated plants relative to the controls (67% of genome-wide DMRs, 61% of chromosome 9 DMRs) as opposed to hypermethylation events. Plants regenerated from CL-8 and CL-4 exhibited a higher number of DMRs than CL-3 and CL-5. This higher rate may reflect biological differences or may be a technical artifact resulting from lower sampling of these two cell lines and less robust average values for calling DMRs. A separate DMR scan was conducted using the full set of probes for chromosome nine which provides about 4X higher probe density for this chromosome ( Figure S1 ). This analysis with higher probe density identified the same DMRs as the lower resolution genome-wide scan and also identified additional DMRs. These additional DMRs had similar lengths but were identified due to increased statistical power provided by the additional probe density. This suggests that there are likely additional DMRs that are present on other maize chromosomes were not captured in our scan due to probe density.
Hierarchical clustering analysis based on DNA methylation levels in each regenerated plant and in the control plants revealed that many of the DMRs exhibit consistent changes in multiple plants and in multiple cell lines ( Figure 1C and Figure   S1 ). Overall, there were 92 robust genome-wide DMRs that were identified in all CLs relative to the controls ( Table 1 
Many tissue culture DMRs are heritable
DMRs could occur in tissue culture and be somatically heritable through regeneration, or alternatively, they could arise during the regeneration process. To test these possibilities, DNA methylation levels in a sample of callus tissue from CL-3 were profiled and included in the clustering ( Figure 1C and Figure S3 ). The callus sample clustered together with samples from regenerated plants of CL-3, suggesting that most of the methylation changes observed in tissue from regenerated plants are already present in callus tissue prior to regeneration.
We next investigated the heritability of the DNA methylation changes observed in the R 0 plants by examining methylation profiles of several R 1 plants, which were generated by self-pollination of the primary regenerants. Whole genome-profiling of DNA methylation levels was performed for two R 1 offspring resulting from the selfpollination of three R 0 plants; plant 3-4 (offspring termed 3-4.1 and 3-4.3), plant 3-7
(termed 3-7.3 and 3-7.7) and plant 5-13 (termed 5-13.11 and 5-13.12). In addition, methyl-sensitive qPCR was used to assess DNA methylation changes at seven of the DMRs in a larger number of R 0 and R 1 plants (Figure 3 and Figure S4 ). Figure 3A and Figure 3B ). Other DMRs, exemplified by DMR485 ( Figure 2B and Figure 3C ) exhibit loss of DNA methylation in some samples but not others. In general, the R 0 plants that have reduced DNA methylation levels for this region generate offspring that show similar reduced levels of DNA methylation. However, there are examples of R 0 plants without reduced DNA methylation and some families of R 1 plants appear to exhibit segregation for DNA methylation levels (Figure 3) . Combined, these results provide evidence for stable inheritance of many hypomethylation DMRs induced by tissue culture and provide evidence that some of these events may show variable behavior in R 1 siblings that could be explained by heterozygosity for DNA methylation state in some R 0 plants.
Characterization of tissue culture DMR location and effects on gene expression
The DMRs were characterized to determine whether they were preferentially located near genes or transposable elements (Figure 4) . The location of hypo-or hypermethylated DMRs was compared to annotated maize genes ( Figure 4A ). In addition, we generated a control set of 10,000 randomly generated pseudo-DMRs by selecting sets of adjacent probes that have similar sizes relative to the actual DMRs. Permutation analysis of the random probe sets (100 sets of 500 random probe sets) was used to assess Figure S5 ). This suggests that for the majority of hypomethylated DMRs, the DNA methylation state that results from tissue culture is unusual. However, a significant portion of these hypomethylated DMRs (21%) from tissue culture exist in this hypomethylated state in natural maize populations, potentially indicating that these loci are more prone to epigenetic variation naturally ( Figure S5 ). For the hypermethylated DMRs, the control plants are similar to diverse maize lines at 25% of the regions, and the R 0 plants are more similar to diverse maize lines at 53% of the DMRs.
RNA-seq was performed on leaf tissue from the same R 1 plants used to assess heritability of DNA methylation differences. We found that loss of methylation at promoters (defined at the 1kb 5' of the TSS, 15 genes with hypo DMRs) was associated with aberrant expression levels of 23% of genes, averaged across all R 1 plants ( Figure   4C and Table S4 ). This proportion was higher than the percentage of all genes genomewide that fit these criteria (15%). Hypomethylation was more frequently associated with up-regulation of gene expression (71.4% of genes) as opposed to down-regulation of gene expression (28.6% of genes), which was substantially higher than the average genome-wide rate of up-regulation of differentially expressed genes (52% (RHEE et al. 2009; RHEE et al. 2010) . It is worth noting that the consistent DNA methylation changes observed in this study and in a prior study in rice (STROUD et al. 2013) would predict a tissue culture "syndrome" that would be observed in many of the plants regenerated from culture. However, this is generally not observed.
Instead, most phenotypic abnormalities are only observed in a subset of plants and often segregate as recessive alleles. This may suggest that the hypomethylation events, which are consistent among regenerants and may result in gain-of-function alleles, are unlikely to be related to phenotypic somaclonal variation. Instead, the more stochastic hypermethylation events may explain some of the somaclonal variation observed following tissue culture.
Our results are consistent with previous studies that assessed specific genomic regions (KAEPPLER AND PHILLIPS 1993; ZHANG et al. 2009; LINACERO et al. 2011; GONZALEZ et al. 2013) and with a recent genome-wide analysis of rice plants regenerated from tissue culture (STROUD et al. 2013) . The bulk of DNA methylation is not affected by tissue culture. However, a subset of genomic regions exhibit altered DNA methylation levels. Similar to a recent study in rice (STROUD et al. 2013) , we found that losses of DNA methylation following tissue culture are more common than gains of DNA methylation. In general, we hypothesize that similar phenomena are affecting somaclonal variation within both maize and rice. In both species, embryogenic callus was induced from scutellum tissue of immature embryos. It could be possible that different methods of tissue culture affect methylation patterns differently, as suspension culture of Arabidopsis caused a prevalence of DNA methylation increases in genic regions as opposed to losses (BEDNAREK et al. 2007; TANURDZIC et al. 2008) . Interestingly, numerous DMRs are consistently found in many independent lines and these appear to reflect homozygous changes that occur to both alleles during tissue culture. Contrarily, there are also a number of DMRs that exhibit stochastic behavior or incomplete penetrance. The analysis of R 1 descendants reveals that the majority of hypomethylation events are heritable.
BNL5.09, one of the genomic regions identified as exhibiting altered DNA methylation via RFLP analysis (KAEPPLER AND PHILLIPS 1993) was also found in our study as a consistently hypomethylated DMR (DMR666).
The molecular mechanism that results in altered DNA methylation is not clear. It is possible that the loss of DNA methylation reflects the absence of cellular machinery that maintains DNA methylation patterns in some cell types, as suggested by previous studies (ZHANG et al. 2009; WANG et al. 2013) . However, the fact that the majority of genomic regions maintain their DNA methylation levels in culture would argue against these broad effects. An alternative explanation is that DNA demethylation machinery could be targeted to specific genomic regions during tissue culture consistent with previous reports (ZHANG et al. 2013) . The fact that the tissue culture induced DMRs are observed in callus samples as well as R 0 plants suggests that many of the DNA methylation changes occur early in the tissue culture process. However, it is possible that some of the changes with incomplete penetrance may be the result of on-going processes during culture.
The functional consequences of altered DNA methylation during tissue culture are not clear. Tissue culture DMRs do not exhibit strong enrichments for location relative to genes or transposons. Only a subset (~23%) of genes located near tissue culture DMRs in maize exhibit altered expression levels. It is possible that this process of altered DNA methylation plays an important role at a subset of the DMRs and that the other regions with altered methylation have limited consequences. One interpretation is that the tissue culture DMRs do not reflect a process that is critical for somaclonal variation but instead reflect an initial process that is required for culturing plant cells. Remodeling of chromatin at specific sites may play a critical role in passaging cells into culture. These changes may be heritable but only play an important role at early stages of tissue culture.
An intriguing corollary to this scenario is that pre-existing difference in chromatin may influence the culturability of different genotypes. Many plant species exhibit intraspecific variation for the ability to grow in tissue culture and regenerate fertile plants. Variation in chromatin state of critical genes among different individuals could contribute to differences in the culturability. A significant, albeit small (~8.6%), proportion of DMRs overlap with DMRs identified in a previous study (EICHTEN et al. 2013) DMRs (hypomethylated or hypermethylated) was assessed relative to maize genes. In addition, a set of 10,000 randomly created DMRs to was generated using our probe spacing in order to assess enrichment for localization of DMRs relative to genes. The standard deviation for the random values was determined by calculating the proportion of the random probe sets in each category for 100 subsamples of 500 random sets. The "*" 
